Central blood pressure (BP) has been shown to be a better predictor of target organ damage and cardiovascular events than brachial BP. Whether central BP is a better predictor of left ventricular hypertrophy (LVH) determined by electrocardiography (ECG) is not known. Radial applanation tonometry and ECG were performed in 728 subjects from the Czech Post-MONICA Study (a randomly selected 1% population sample). LVH was determined using the Sokolow-Lyon index and Cornell product; central pressure was derived from radial pulse. Of 657 subjects included in the analysis, 17 (9.4%) below 45 years and 43 (9%) over 45 years had LVH. In multiple linear regression analysis, the Sokolow-Lyon index in younger individuals was only associated with male sex and low BMI, with no association with BP found. In older individuals, LVH was associated with higher central and brachial BP. In separate binary logistic regression analyses adjusted for covariates, the odds ratio for central systolic pressure was higher than those for brachial systolic and pulse pressure in LVH prediction. Noninvasively determined central pressure in subjects over 45 years is more strongly related to ECG LVH than brachial pressure. This further supports a closer association of central pressure with target organ damage. Voltage criteria of LVH are not independently associated with central or brachial BP in younger individuals.
Introduction
Left ventricular hypertrophy (LVH) is a sign of subclinical organ damage associated with increased cardiovascular morbidity and mortality. [1] [2] [3] LVH is characterized by an abnormal increase in left ventricular myocardial mass due to increased afterload (arterial hypertension, aortic stenosis) or diastolic overload (aortic or mitral regurgitation, dilated cardiomyopathy), which can be detected by electrocardiography (ECG), echocardiography or magnetic resonance imaging. ECG is the least expensive and most widely used method of LVH diagnosis in clinical practice. Many different ECG criteria of LVH have been proposed over the years. A common feature of all ECG criteria is their high specificity but low sensitivity compared with echocardiographic LVH diagnosis. 4 The most commonly used ECG criteria for LVH proposed by the European Society of Hypertension are the Cornell voltage product and the Sokolow-Lyon index. 5 Arterial hypertension is the main cause of LVH in the general population. 6 The prevalence of LVH is heavily dependent on the population studied, and on the LVH diagnostic procedure and criteria used. The prevalence of LVH determined by echocardiography in hypertensive patients has been estimated at 25% and 26% in males and females, respectively. In the normotensive population, the LVH prevalence is 14% and 20%, respectively. 7 The prevalence of ECG LVH in the general population ranges from 2.7-5.4%. 8, 9 Although mean blood pressure (BP) is constant in the conduit arteries, the systolic and pulse pressures vary from central to peripheral arteries due to wave reflections and viscoelastic properties of the arterial wall. Central BP indices have been shown to be better predictors of cardiovascular events compared with brachial BP. 10, 11 Similarly, central BP has been shown to be more closely related to left ventricular mass, as detected by echocardiography, 12 and carotid artery hypertrophy 13 than brachial BP. Whether central BP is more closely related to the ECG LVH criteria than brachial BP has not been studied. The present study was aimed at investigating the impact of central and brachial BP on LVH assessed by ECG criteria.
Methods

Study population
The Czech Post-MONICA (MONItoring trends and determinants in CArdiovascular disease) Study is a population survey studying trends and determinants of cardiovascular risk factors in a random sample of the Czech population in nine districts of the country. The selection of subjects was made from the registry of the General Health Insurance company keeping, by law, a list of all those insured. Health insurance is mandatory for all Czech citizens. Methods of the Czech Post-MONICA Study have been published elsewhere.
14 Our study included individuals aged over 25 years who were examined between 2008 and 2009 in Pilsen (Plzeň ) City district. The overall response rate in this district was 68.0%. A total of 728 patients underwent ECG and radial applanation tonometry on the day of the study visit.
BP was measured in triplicate in the right arm with the subject in the sitting position after at least 5 min at rest. Standard mercury sphygmomanometers and correctly sized cuffs were used. The participant's right arm was supported at heart level. The maximum inflation level was determined before the actual measurement. BP values were recorded to the nearest 2 mm Hg. The mean value of the last two readings was used for further analysis. Hypertension was defined as systolic BP X140 mm Hg, diastolic BP X90 mm Hg or current use of antihypertensive medication. Diabetes was defined as fasting plasma glucose X7.0 mmol l À1 or use of oral antidiabetic drugs and/or insulin. Dyslipidemia was defined as total cholesterol X5 mmol l À1 or high-density lipoprotein-cholesterol o1 mmol l À1 in men and o1.2 m mol l À1 in women or use of lipid-lowering drugs.
Applanation tonometry
Central pressure blood indices were measured using a semi-automatic Sphygmocor device (AtCor Medical Ltd, West Ryde, Australia) in the recumbent position after 5 min at rest. The methods of measurement were described in detail in our previous reports. 15, 16 Briefly, radial artery pressure waveform was recorded at the right radial artery. The corresponding central aortic pressure waveform was derived using validated generalized transfer function. Calibration was done using brachial systolic and diastolic BP obtained immediately before the test using an oscillometric device (Omron M5, Omron, Kyoto, Japan). Central systolic, diastolic and mean BPs were estimated using the validated technique of pulse wave analysis.
Electrocardiography
Resting ECG was acquired by a MAC 5500 device (GE Healthcare, Waukesha, WI, USA) and digitally processed by purpose-written software. ECGs with complete left or right bundle branch block, atrial fibrillation, paced rhythm and from individuals with coronary event history were excluded from further analysis. The Cornell voltage product (R aVL þ S V3 ( þ 6 in women) Â QRS duration) and Sokolow-Lyon index (S V1 þ R V5/6 ) were calculated. A Cornell voltage product over 2440 mm Â ms and Sokolow-Lyon voltage over 35 mm were considered ECG signs of LVH.
Statistical analysis
Descriptive statistics is given as mean and standard deviation, or as frequency and percent. As previous studies reported that ECG signs of LVH in younger individuals were not associated with increased cardiovascular risk, 17 separate analyses were performed for individuals below and over 45 years. Characteristics of groups with and without LVH were compared using the 2-tailed t-test for independent samples for continuous variables, and by the w 2 test for categorical variables. Fisher's exact test was used instead of the w 2 test, if the expected number in any cell for categorical variable was o10. Because of significant co-linearity of individual BP modalities, separate multiple linear regression models were composed to assess the association between the Sokolow-Lyon index and BP in individuals below 45 years of age. Except for central and brachial BP, variables significantly associated with the SokolowLyon index in univariate analyses were entered into these models. A standardized coefficient beta (b s ) is reported. A standardized beta of 0.1 indicates that when the independent variable increases by one standard deviation, the dependent variable increases by 0.1 standard deviation. In individuals over 45 years separate binary logistic regression analyses adjusted for age, sex, body height, BMI, heart rate and the use (type) of antihypertensive medication were performed to compare central and brachial BP in ECG-based LVH prediction (fulfilling Sokolow-Lyon voltage criteria or Cornell product criteria). The predictive power of central and brachial BP was also compared by testing the difference between areas under receiver operating characteristic curves using the method described by Hanley and McNeil. tion, Somers, NY, USA) and MedCalc 9.2 (MedCalc Software, Mariakerke, Belgium). A two-sided P-value o0.05 was considered statistically significant.
Results
A total of 728 participants who underwent applanation tonometry and ECG were enrolled in the study. In all, 71 individuals with complete left (n ¼ 5) or right (n ¼ 8) bundle branch block, atrial fibrillation (n ¼ 9), paced rhythm (n ¼ 6) or history of coronary artery disease (n ¼ 43) were excluded from further analysis. In the age group below 45 years, there were 17 subjects (9.4%) with ECG LVH, of these, 16 with Sokolow-Lyon voltage criteria and 1 with Cornell voltage product criteria (Table 1 ). In separate linear regression analyses, the Sokolow-Lyon index was only associated with male sex and low BMI, while no association with central or brachial BP was observed ( (Table 4) . Models including central BP indices were able to explain the higher proportion of variability as assessed by Nagelkerke R 2 (0.46 and 0.36 vs 0.20 and 0.18 for central systolic and pulse pressure vs brachial systolic and pulse pressure, respectively).
A stronger association of central BP with ECG LVH was also confirmed in the receiver operating characteristic analysis (Figure 1 
Discussion
In previous studies, [10] [11] [12] central BP was shown to be more closely associated with LVH determined by echocardiography. In the present study, we extended Abbreviations: BMI, body mass index; bs, standardized b; PP, pulse pressure; SBP, systolic blood pressure.
Central blood pressure and ECG LVH P Wohlfahrt et al this finding to LVH determined by ECG. We found that central systolic pressure is more closely related to LVH detected by the Sokolow-Lyon index or Cornell product than brachial systolic and pulse pressure. A closer association of central pressure with left ventricular mass was also found in the population-based Strong Heart Study 12 in which central systolic BP was more strongly associated with LVH determined by echocardiography than central pulse pressure, brachial systolic and pulse pressure. On the other hand, central pulse pressure was more strongly related to vascular hypertrophy and the extent of atherosclerosis than brachial BP in this study. 13 Similarly, in a Taiwanese cohort, 10 central systolic BP was the best correlate for left ventricular mass and an independent predictor of cardiovascular mortality, whereas both central systolic and pulse pressures were the best correlates for intima-media thickness and estimated glomerular filtration rate. Both systolic and pulse pressures are mainly determined by arterial compliance, whereas systolic pressure is also determined by total peripheral resistance. Recently, reduction of reflection magnitude that is mainly determined by total peripheral resistance was shown to be an independent predictor of left ventricular mass reduction induced by antihypertensive medication. 19 The association of systolic BP with total peripheral resistance can explain its closer association with LVH than pulse pressure.
In our study, we did not find any difference in BP and the prevalence of arterial hypertension in young participants below 45 years of age with or without LVH. With the current sample size, we had a 94% power to detect the systolic BP difference of 10 mm Hg in individuals o45 years. We also did not find any difference in another parameter of subclinical organ damage-aortic pulse wave velocity-between individuals with and without LVH in the age group below 45 years, whereas there was a significant difference in subjects over 45 years. Most of the individuals with LVH in this younger age group were men fulfilling almost exclusively the Sokolow-Lyon voltage criteria for LVH. In multiple linear regression with the current sample size (n ¼ 181), we had a 98% power to detect a medium size effect of BP on the Sokolow-Lyon index, but we found only the male sex and low BMI to be associated with this index. These results suggest that increased ECG voltage in young subjects is not necessarily a sign of increased left ventricular mass. Central blood pressure and ECG LVH P Wohlfahrt et al Several other factors like the heart proximity to the chest wall, conduction properties of the tissue above the heart, location of the heart within the thorax, and intraventricular and transmural pressures determine the voltage amplitude. 20 The positive predictive value of ECG LVH in this age group is also decreased by the low prevalence of LVH in young individuals. Our findings are in agreement with the results of the Copenhagen Heart Study 21 in which young subjects with voltage criteria of LVH had the same cardiovascular risk as those with normal ECG. Recently, no association between Cornell product and left ventricular mass determined by magnetic resonance was found in healthy young men, while there was only a weak association between the Sokolow-Lyon index and left ventricular mass. 17 On the other hand, in older subjects, a modest association between ECG parameters of LVH and left ventricular mass detected by echocardiography was found. 22, 23 This indicates that the amplitude criteria of LVH have little practical use in detecting LVH in young subjects. Neither from previous studies nor from ours is it clear at what age ECG signs of LVH start to be associated with BP and LVH determined by echocardiography or magnetic resonance. In our study, moving the cut off age to 50 years had no effect on results (there were 50 subjects aged 46-50 years, but none had ECG LVH). Future studies should address this issue.
A limitation of the present study is that the effect of pressure overload on LVH was assessed using episodic BP measured at rest. Owing to the 24 h BP variability, this may not fully represent the pressure load on the left ventricle during the whole day. This can explain the observed weak-to-moderate association between central BP and LVH. Furthermore, in individuals with arterial hypertension, we did not account for arterial hypertension duration. Antihypertensive medication may have weakened the association between BP and LVH. Also antihypertensive medication may have different effects on central and brachial BP. All these factors significantly affect LVH development and magnitude. However, all these factors had a similar effect on central and brachial BP, and thus should not significantly influence the observed closer association of central BP with LVH.
In conclusion, our study has shown for the first time a closer association of central systolic BP with electrocardiographic signs of LVH in individuals over 45 years of age compared with brachial BP. This study provides another piece of information about the association between hemodynamic and target organ damage. We did not find a significant difference in BP and arterial hypertension prevalence in individuals with or without electrocardiographic LVH and aged o45 years, suggesting that there are other factors considerably influencing ECG voltage in this age group.
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What is known about this topic K Central blood pressure is a better predictor of target organ damage and cardiovascular events than brachial blood pressure. K Central BP is a better predictor of left ventricular hypertrophy determined by echocardiography than brachial blood pressure.
What this study adds K Noninvasively determined central pressure in subjects over 45 years is more strongly related to ECG LVH than brachial pressure. K Voltage criteria of left ventricular hypertrophy are not independently associated with central or brachial BP in younger individuals.
Central blood pressure and ECG LVH P Wohlfahrt et al
